The impacts of pesticides, and in particular of neonicotinoids, on bee health remain much 24 debated. Many studies describing negative effects have been criticised as the experimental 25 protocol did not perfectly simulate real-life field scenarios. Here, we placed free-flying 26 bumblebee colonies next to raspberry crops that were either untreated or treated with the 27 neonicotinoid thiacloprid as part of normal farming practice. Colonies were exposed to the 28 raspberry crops for a two week period before being relocated to either a flower-rich or 29 flower-poor site. Overall, exposed colonies were more likely to die prematurely, and those 30 that survived reached a lower final weight and produced 46% fewer reproductives than 31 colonies placed at control farms. The impact was more marked at the flower-rich site (all 32 colonies performed poorly at the flower poor site). Analysis of nectar and pollen stores from 33 bumblebee colonies placed at the same raspberry farms revealed thiacloprid residues of up to 34 771ppb in pollen and up to 561ppb in nectar. The image of thiacloprid as a relatively benign 35 neonicotinoid should now be questioned.
Introduction
For example, there was a significant treatment x site interaction on final colony weight; at the 155 flower rich site the control colonies were 10% heavier than the exposed colonies (mean ± se 156 of 780g ± 27.0 versus 709g ± 14.7), whereas at the flower poor site colony weights were low 157 in both exposed and control colonies (overall mean of 701 g ± 16.6; Figure 1a ). Similarly, 158 there was a significant treatment x site interaction for the reproductive output of the colonies 159 (measured as the number of new adult queens and queen pupae plus half the number of males 160 and male pupae; Table 1, Figure 1b ). Overall, reproductive output was 46% lower in treated 161 colonies compared to controls (mean ± s.e. 23.9 ± 4.6 versus 13.0 ± 3.3, respectively), but the 162 difference was more marked at the flower-rich site (Figure 1b ). When analysed separately, 163 the same pattern was observed for male production (Figure 1c ), but not for queens; queen 164 production was very low in all treatments (overall mean ± s.e.; new queens = 1.66 ± 0.47, 165 queen pupae = 3.48 ± 0.59, Figure 1d ). There were no treatment or site effects on the 166 numbers of workers remaining in the colonies at the end of the experiment (Table 1) . When 167 response variables were subjected to a more conservative analysis in which farm (rather than 168 nest) was treated as the unit of replication, patterns were broadly similar; there was a 169 significant negative effect of treatment on reproductive output of colonies, and a strong 170 interaction between treatment and subsequent nest location (flower rich or poor) (Table S2) . 171 However, using this approach the negative effect of treatment on colony growth was not 172 significant (Table S2) . 173 Marginally more of the colonies exposed to thiacloprid failed (14/30) before the end 174 of the experiment compared to controls (5/24) (χ 2 1 = 3.89, p<0.05).
detected in most pollen and nectar samples (up to 771 ppb in pollen and up to 561 ppb in 182 nectar, Table 2 ).
183
Discussion 184 We found that bumblebee colonies exposed to thiacloprid are more likely to fail, and that 185 those which survive reach a lower final weight and produced fewer reproductives than 186 control colonies. These difference were more marked when colonies were placed in a flower-187 rich site in which control colonies thrived. Few previous experiments have studied the 188 impacts of neonicotinoids on bee colony performance where the bees were exposed to 189 pesticides while foraging on real crop-fields (rather than experimental plots), were free-flying 190 throughout the experiment, and the pesticide application followed normal farming practice at 191 working farms. Cutler and Scott-Dupree 20 conducted a similar experiment with colonies of 192 the bumblebee B. impatiens placed next to clothianidin or thiamethoxam-treated or untreated 193 corn and found few negative effects, although there were fewer workers in exposed colonies.
194
However, bumblebees rarely forage on corn so none of the nests are likely to have received 195 significant exposure. Rundlöf et al. 9 found that growth of bumblebee colonies and their 196 reproductive output was significantly impaired when placed next to fields of oilseed rape 197 treated with clothianidin; similar findings to ours. They also found strong negative impacts on 198 solitary bees, but no significant impact on honeybee colonies. No similar experiment has 199 previously been performed with thiacloprid. Like oilseed rape, bumblebees are highly 200 attracted to raspberry flowers 21 . Our study replicates the common scenario of exposure when 201 a wild bumblebee colony is situated close to a commercial raspberry crop, or when 202 commercial colonies are placed next to such crops. The colonies were moved two weeks after first exposure; normally, for wild and managed bumblebees residing in the farm landscape, 204 colonies would be exposed to the treated crop for longer than two weeks, and might be 205 subject to further pesticide applications. They would also be present when the crops were 206 actually sprayed, rather than being placed next to crops after spraying. As our sites were 207 working farms, we could not always anticipate when a farm would use thiacloprid and so 208 colonies were first exposed between 0 and 4 days after the spray day (table S1), which again 209 would reduce the expected exposure relative to naturally occurring colonies. In these respects 210 our study likely underestimates exposure of bumblebee colonies to thiacloprid on working 211 farms. However, it should also be noted that we were unable to randomly allocate farms to 212 treatments. It is thus possible that farms using thiacloprid may have differed in other farming 213 practices from control farms (although we attempted to match control farms as closely as 214 possible), and if so this could conceivably confound results. In addition, wild bumblebee 215 nests are unlikely to be as close to the crop as ours were, and in this respect our study might 216 represent a worst-case scenario.
217
It is notable that all colonies produced few queens. A similar study using the same 218 "flower-poor" site in 2011 recorded a mean of ~14 queens per control colony 6 , but the 219 weather in the summer of 2012 was the wettest in the UK for 100 years (Met Office, 2012), 220 which may account for this difference. Our colonies were also subject to the dual disturbance 221 of movement to and from the raspberry farms, which might have impaired their performance 222 compared to those in Whitehorn et al. 6 .
foragers travelling to nearby farms; although the average foraging distance of bees is modest 254 in rewarding landscapes (~750m; 27 ), foragers can travel considerable distances [28] [29] [30] . Soft-255 fruit farms can be considered "rewarding" landscapes particularly as raspberries are 256 extremely attractive to bees, with high densities of wild bumblebees recorded on raspberries 257 plants within the study region 21 . Therefore it is unlikely that bees would have had to travel 258 far for forage. However, recent reviews have confirmed that neonicotinoids and other 259 pesticides, particularly fungicides, are prevalent throughout farmed landscapes, so we cannot 260 rule out the possibility that our bees were exposed to additional pesticides 18, 31, 32 . However, 261 this would presumably have affected both treatment groups equally. Regardless of any such 262 additional exposure, our experimental scenario accurately mimics the situation in which a 263 bumblebee nest is situated close to a raspberry crop. The only difference between pesticide 264 treatments groups was in whether the crop was sprayed with thiacloprid or not, and hence the 265 marked difference in colony performance between treatment groups strongly indicates that 266 applications of thiacloprid can have a negative impact on bumblebee colony performance 267 under realistic field conditions.
268
By placing nests on nine farms using thiacloprid in 2013 and analysing their food 269 stores we were able to confirm that bees in this environment are indeed exposed to pesticide 270 residues; concentrations were variable, but sometimes were very high (up to 771 ppb in 271 pollen). This is in the region of two orders of magnitude higher than concentrations of 272 neonicotinoids in nectar and pollen of seed-treated crops 18 . Thiacloprid has considerably 273 lower toxicity to honeybees than some other neonicotinoids; for example the LD50 by topical 274 application is 14,600 ng/bee for thiacloprid compared to 18 ng/bee for imidacloprid 11 . As a 275 result it has been described as "bee-safe" and hence suitable for use on flowering crops; it is 276 widely used in horticulture and is also the predominant insecticide sold for garden use in increasing the use of thiacloprid in response to the restrictions on other neonicotinoids.
279
However spray application rates are much higher than those used in seed dressings and are 280 less uniform 33 , and our results demonstrate clearly that bee nests near a treated crop can be 281 exposed to high concentrations of thiacloprid. High concentrations of thiacloprid have also 282 been found in pollen in honeybee hives in Germany (up to 199 ppb) 34 , and a mean 283 concentration of 89.1 ppb of thiacloprid was found in apple pollen within honeybee hives in 284 Poland 35 . Enhanced worker mortality has been found in laboratory studies when bumblebees 285 were fed thiacloprid at the much lower concentration of 12 ppb 36 , suggesting that foliar 286 sprays of this chemical should be treated with the same caution as other neonicotinoids.
287
There is also evidence that thiacloprid is particularly potent when combined with 288 other stressors such as fungicides, parasites and nutrient stress 11, 37, 38 . A laboratory study that 289 exposed honeybees to thiacloprid and the commonly-used plant fungicide triflumizole found 290 that this compound increased the potency of thiacloprid by 1,141 fold, decreasing the LD50 to 291 12.8 ng/bee 11 . Honeybees exposed to doses of thiacloprid of 1/100 th of the LD50 died more 292 quickly when infected with the protozoan parasite Nosema ceranae than those with the 293 parasite alone 38 . Honeybees fed thiacloprid when starved were more likely to die relative to 294 controls, suggesting that nutrient deficiency could enhance lethal effects 37 . An environment 295 with fungicides, parasites and occasional nutrient stress are likely to be the norm for free-296 flying bees; 97.3% of samples from wax, pollen, and bee bread from North American 297 honeybees contained two or more pesticides 39 , so the effective LD50 for thiacloprid in the 298 field may be lower than expected.
299
The current study is the first study to find effects of thiacloprid on freely foraging bee 300 colonies. It shows that types of neonicotinoids regarded as "bee safe" because of their 301 relatively low toxicity are legally used at concentration that can harm bumblebee colonies.
The long-term impact of such use on wild bee populations and the pollination services they 303 provide in fruit-growing areas should be given due consideration. Pollen ---9
Nectar -<MDL - Table S2 . Results of a more conservative analysis of the effects of treatment and subsequent location (flower rich/flower poor) using GLMs and averaging values for all nests at each farm/location combination. volume was 20 µl and mobile phase solvents were 95% water, 5% ACN, 5 mM ammonium 528 formate, 0.1% formic acid (A) and 95% ACN, 5% water, 5 mM ammonium formate, 0.1% 529 formic acid (B). Initial ratio (A:B) was 90:10 and separation was achieved using a flow rate of 530 0.2 ml/min with the following gradient: 90:10 to 70:30 in 10 min; then from 70:30 to 0:100 in 531 two minutes and held for 7 min, and return to initial condition and equilibration for 7 min. Retention times, ionisation and fragmentation settings are reported in Table S3 . Data were 535 acquired using MassLynx 4.1 and the quantification was carried out by calculating the response 536 factor of thiacloprid compounds to imidacloprid-d4. Concentrations were determined using a 537 least-square linear regression analysis of the peak area ratio versus the concentration ratio 538 (native to deuterated). At least five point calibration curves (R 2 > 0.99) were used to cover the 539 range of concentrations observed in the different matrices for all compounds, within the linear 540 range of the instrument. The very high THC concentrations (i.e. >100 ppb) were calculated 541 using an external calibration. Method detection and quantification limits (MDL and MQL, 542 respectively) as well as recoveries were determined as described in Botias et al. (2015) and are 543 given respectively in Table S4 and S5. 
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